Introduction {#s1}
============

Anthrax is a potentially lethal infection caused by *B. anthracis.* Anthrax lethal toxin (LT) is a major virulence factor that is comprised of protective antigen (PA) and lethal factor (LF) [@pone.0040126-Collier1]. LT has dual effects on the host; it blunts the host immune response enabling the infection to become established, and it induces pathological changes similar to those observed in end stage toxemic disease following spore infection [@pone.0040126-Klein1]--[@pone.0040126-Bradley1]. PA binds to anthrax toxin receptors, capillary morphogenesis gene 2 and/or tumor endothelial marker 8 [@pone.0040126-Bradley2], and is activated by serum proteases and/or cellular furin, which cleave PA into two fragments, PA~20~ (20 kDa) and PA~63~ (63 kDa) [@pone.0040126-Gordon1], [@pone.0040126-Ezzell1]. PA~63~ self-associates into an oligomer [@pone.0040126-Milne1], [@pone.0040126-Kintzer1] and binds up to four molecules of LF before internalization [@pone.0040126-Kintzer1], [@pone.0040126-Mogridge1]. Once internalized, the complex changes conformation into an integral membrane pore that enables LF to pass into the cytosol [@pone.0040126-Blaustein1], [@pone.0040126-Singh1]. Inside the cell, LF operates as a zinc-dependent metalloproteinase that inactivates mitogen-activated protein kinase kinases (MKKs) thereby disturbing cellular signaling processes [@pone.0040126-Duesbery1]--[@pone.0040126-Vitale1].

Susceptibility to infection is dependent on the interplay between the infectious agent and the host immune response. Following exposure to microbial molecules, a number of signaling mechanisms are initiated, such as the MKK pathway, which promote an inflammatory response that counters infection [@pone.0040126-Brodsky1]. Inhibition of the MKK pathway by LF serves to block the immune response providing an advantage for *B. anthracis* survival [@pone.0040126-Bradley1]. However, genetic variation has enabled some hosts to make use of countermeasures that bypass MKK inhibition. For example, macrophages from 129S1 and CAST/Ei mice are responsive to LT, i.e., they undergo pyroptosis, while macrophages from other strains, e.g., C57BL/6J, are non-responsive. This variable response is due to allelic variation in the *Nlrp1b* gene [@pone.0040126-Boyden1], which is found within a LT sensitivity locus, *Ltxs1*, on chromosome 11. *Nlrp1b* is a member of the Nod-like receptor family, and activation of *Nlrp1b* prompts a cascade of events leading to inflammasome activation in macrophages from LT responsive animals [@pone.0040126-Boyden1], [@pone.0040126-CordobaRodriguez1]. Inflammasome activity is a central response induced by exposure to other infectious agents, including *Salmonella typhimurium, Francisella tularensis, Listeria monoctyogenes* and *Staphylococcus aureus* [@pone.0040126-Mariathasan1].

*Nlrp1b* signaling results in the recruitment of caspase-1 to the inflammasome complex whereby it becomes activated, resulting in the cleavage of pro-IL-18 and pro-IL-1β into their mature forms which are released to further the immune response [@pone.0040126-Franchi1]. IL-18 activates neutrophils [@pone.0040126-Leung1], [@pone.0040126-Netea1], induces cytotoxicity of natural killer (NK) cells, increases the cytotoxicity of NK-T cells [@pone.0040126-Dao1], and initiates the production of interferon-γ by activated NK and NK-T cells [@pone.0040126-Chaix1]--[@pone.0040126-Fantuzzi1]. IL-1β triggers activation of nuclear factor κB (NF-κB) and MKKs [@pone.0040126-Zhu1], [@pone.0040126-Saklatvala1], and it initiates systemic and local inflammatory responses that facilitate the recruitment of inflammatory cells to the site of infection [@pone.0040126-Dinarello1]--[@pone.0040126-McColl1]. Transgenic mice with a sensitive 129S1 *Nlrp1b* allele on resistant C57BL/6J background (B6 *^Nlrp1b^* ^(129S1)^) exhibit heightened serum levels of IL-1β compared to C57BL/6J mice in response to LT [@pone.0040126-Terra1]. An increased production of IL-1β in response to LT was also observed in congenic mice that have a segment of chromosome 11 from the CAST/Ei strain introgressed onto a C57BL/6J background (B6.CAST.11M) [@pone.0040126-Terra2]. Both B6 *^Nlrp1b^* ^(129S1)^ and B6.CAST.11M strains exhibit an early response phenotype (ERP) that typically has an initial presentation 0.5--1 h following LT exposure and includes hypothermia, ataxia, bloat, loose feces, abdominal breathing and/or dilated vessels on pinnae [@pone.0040126-Terra1], [@pone.0040126-Terra2]. The ERP and increased responsivity of macrophages to LT are associated with increased resistance to challenge with *B. anthracis*, and signaling through the IL-1 receptor is required for the increased resistance in B6 *^Nlrp1b^* ^(129S1)^ mice [@pone.0040126-Terra2]. Other studies have also shown this inverse relationship, i.e., mice with macrophages sensitive to LT are more resistant to *B. anthracis* infection [@pone.0040126-Welkos1]--[@pone.0040126-Moayeri2]. Although the presence of an LT-responsive allele of *Nlrp1b* is sufficient to initiate a mild ERP [@pone.0040126-Terra1], the greater genetic variation present in B6.CAST. 11M mice drives a more severe ERP and increased resistance to *B.* *anthracis* infection [@pone.0040126-Terra2]. Further, B6.CAST.11M mice display an increased inflammatory response to muramyl dipeptide (MDP) plus lipopolysaccharide (LPS), suggesting that allelic variation on chromosome 11 loci other than *Nlrp1b* controls responsiveness to inflammatory mediators [@pone.0040126-Terra2]. Thus, the utilization of B6.CAST.11 mice will enable the study of enhanced inflammatory responses that are potentially under the regulation of multiple genetic determinants on chromosome 11.

Because ERP is associated with resistance to *B. anthracis* infection, we wished to explore underlying mechanisms. Many of the characteristic features of the ERP suggest involvement of blood vessels. It has long been known that the introduction of bacteria to a mammalian host induces vascular responses. Vascular changes include increased permeability of capillaries, accumulation and diapedesis of leukocytes at vessels, and obstruction of vessels [@pone.0040126-Burke1], [@pone.0040126-Wilhelm1]. In response to some bacteria or bacterial toxins, increases in vessel permeability can occur relatively rapidly [@pone.0040126-Burke1], [@pone.0040126-Wilhelm1]. In addition, platelet aggregation and slowing of capillary blood flow occur within the first few hours of infection and act to limit the dissemination of bacteria [@pone.0040126-Melican1]. In the present study, we examined whether vessels from B6.CAST.11M mice have increased permeability in response to LT compared to vessels from control animals. In addition, we employed intravital microscopy to study microvascular changes in response to LT, or downstream mediators, in real time in an *in vivo* setting.

Results {#s2}
=======

Vessel Leakage is Increased in the Lungs of B6.CAST.11M Mice Compared to C57BL/6J Mice Given LT {#s2a}
-----------------------------------------------------------------------------------------------

Labored breathing is a prominent feature of the ERP and we predicted that pulmonary vascular leakage would be associated with this clinical sign. Thus, Evan's blue was administered to mice 30 min after receiving LT and mice were sacrificed 30 min later. All animals included in the study were confirmed to have successful uptake of Evan's blue into the systemic circulation. Evan's blue was observed within capillaries and/or extravasated from vessels. Quantitation of extravasated Evan's blue revealed that B6.CAST.11M mice given LT had greater pulmonary vascular leakage than for C57BL/6J mice given LT, p = 0.033 ([Fig. 1](#pone-0040126-g001){ref-type="fig"}).

![Evan's blue leakage in lungs of B6.CAST.11M and C57BL/6J mice.\
**A**) C57BL/6J mice given saline, **B**) B6.CAST.11M mice given saline, **C**) C57BL/6J mice given LT, and **D**) B6.CAST.11M mice given LT by i.p. injection were sacrificed 1 h post administration. Evan's Blue fluoresces bright red under UV light. Evan's Blue was more wide spread in B6.CAST.11M LT mice than in other groups. Scale bar  = 50 µm. **E**) The average percent lung tissue section area stained with Evan's Blue. Error bars represent standard error of the mean. C57BL/6J mice given saline (N = 5), B6.CAST.11M mice given saline (N = 10), C57BL/6J mice given LT (N = 8), B6.CAST.11M mice given LT (N = 13).](pone.0040126.g001){#pone-0040126-g001}

Blood Flow is Reduced in B6.CAST.11M Mice Compared to C57BL/6J Mice Following Systemic Administration of LT {#s2b}
-----------------------------------------------------------------------------------------------------------

Vascular leakage induces coagulation, which in turn can cause blood flow to be sluggish [@pone.0040126-Takahashi1]--[@pone.0040126-Hack1]. In order to address whether systemic administration of LT leads to alterations in blood flow, we employed intravital microscopy, which enables blood flow to be monitored over time in living animals. The mesentery is particularly well suited for intravital microscopic analysis due to its relatively transparent properties and its accessibility. Thus, blood flow was analyzed in the mesentery of B6.CAST.11M and C57BL/6J mice given systemic administration of LT ([Fig 2](#pone-0040126-g002){ref-type="fig"}).

![Method used to measure RBC velocity within capillary beds.\
In order to obtain an accurate portrayal of the changes in the mesenteric blood flow, multiple areas of mesentery were sampled. The various mesenteric areas were analyzed in sequential fashion, and then the evaluation process was repeated multiple times so that the changes in blood flow could be monitored over time in the living animal. **A**) Four intestinal loops were analyzed per mouse for systemic studies. **B**) One loop from A is shown. Three areas per intestinal loop (boxes 1, 2, 3) were observed within a viewing interval. Each viewing interval consisted of 6 min of data collection over the 3 areas (2 min/area). This was followed by a 10 min period before repeating the process in the next loop. For systemic studies, four loops were viewed in sequence and this sequence was repeated 3 times. Thus, there were a total of 12 viewing intervals (4 intestinal loops × 3 repetitions/loop). Since 3 areas/loop were analyzed for each viewing interval this resulted in 36 areas viewed (3 areas/loop × 12 viewing intervals) per experiment. For topical studies, one loop was viewed for 7 viewing intervals. Thus, there were a total of 21 areas viewed (3 areas/loop × 7 viewing intervals) per experiment. **C**) Representative intravital microscopic image (still video frame) from one area depicted in panel B. Many frames were scanned and recorded within the 2 min/area viewing interval. The frame with the maximum pathology was selected for each area to calculate and analyze. Arrowheads point to RBCs in capillaries. The distance between the two parallel lines is 100 µm. The diagrams in panels A and B were extensively adapted from a figure in the book by Gray H (1918) Anatomy of the Human Body [@pone.0040126-Gray1].](pone.0040126.g002){#pone-0040126-g002}

B6.CAST.11M but not C57BL/6J mice typically displayed initial signs of the ERP by 1 h in response to i.p. administration of LT, consistent with previous findings [@pone.0040126-Terra2]. Following the ∼1 h observation period, animals were prepared for analysis by intravital microscopy. Since the ERP has a strong presentation in B6.CAST.11M mice during the first 7 h following LT administration [@pone.0040126-Terra3], observations were made within this time period. Evidence of rolling or adherence of leukocytes along vessels in the mesentery was not readily apparent in B6.CAST.11M or C57BL/6J mice receiving saline or LT (not shown). RBC velocities in capillaries were similar between B6.CAST.11M and C57BL/6J mice receiving saline ([Fig. 3A](#pone-0040126-g003){ref-type="fig"}) but were slower in B6.CAST.11M mice receiving LT compared to C57BL/6J mice receiving LT ([Fig. 3B](#pone-0040126-g003){ref-type="fig"}). The slopes of regression lines between B6.CAST.11M mice and C57BL/6J mice receiving LT were not significantly different, but the area under regression lines, which is a measure of total blood flow over the duration of the collection of data, was less in B6.CAST.11M mice receiving LT compared to C57BL/6J mice receiving LT (p\<0.001) ([Fig. 3C](#pone-0040126-g003){ref-type="fig"}). Velocity measurements reflected averaged values of blood flow within capillaries ([Fig. 2](#pone-0040126-g002){ref-type="fig"}), with some capillaries exhibiting normal or reduced blood flow while others were completely stopped and/or coagulated in B6.CAST.11M mice given LT. A difference in area under the curve between B6.CAST.11M and C57BL/6J mice receiving systemic LT despite an absence of a difference in slopes suggested that the changes in slope occurred prior to the timing of the intravital microscopic observations. In order to test this possibility, LT was topically applied and immediately followed by intravital measurements of blood flow (see below).

![Systemic LT reduces RBC velocity in mesentery capillaries in B6.CAST.11M mice.\
RBC velocities within capillaries were determined as described in [Fig 2](#pone-0040126-g002){ref-type="fig"} for animals given an i.p. injection of **A**) saline or **B**) LT. Points represent the average velocity of the RBCs in the three areas within each loop at the indicated times (12 points  =  4 intestinal loops × 3 repetitions/loop). Regression lines were calculated from these 12 points/mouse group. Error bars represent standard error of the mean. **C**) The area under regression lines for animals given saline (corresponding to panel A) or LT (corresponding to panels B) (\# indicates arbitrary units). Error bars represent standard error of the mean. Area under the curve is considered an informative measure of overall disease activity [@pone.0040126-Fleming1]. The area under regression lines was less in B6.CAST.11M mice receiving LT compared to C57BL/6J mice receiving LT (p\<0.001) or B6.CAST.11M mice receiving saline (p\<0.001). The area under the curve was not statistically different between B6.CAST.11M and C57BL/6J mice given saline. (C57BL/6J given saline, n = 4; B6.CAST.11M given saline, n = 6; C57BL/6J mice given LT, n = 5; and B6.CAST.11M given LT, n = 8).](pone.0040126.g003){#pone-0040126-g003}

Rapid Reduction of Blood Flow in B6.CAST.11M Mice, but not C57BL/6J Mice, Following Topical Application of LT {#s2c}
-------------------------------------------------------------------------------------------------------------

In order to investigate rapid responses to LT and further determine whether the slowing blood flow response observed in the B6.CAST.11M mice given systemic LT could be elicited at the local tissue level, naïve mice prepped for intravital microscopy were challenged with topical administration of LT or saline to the mesentery. As observed for systemic LT, rolling or adherence of leukocytes along vessels were not readily apparent in B6.CAST.11M and C57BL/6J mice receiving saline or LT (not shown). No substantial changes in the RBC velocities in capillaries were observed over time in B6.CAST.11M mice receiving saline or C57BL/6J mice receiving LT ([Fig. 4A](#pone-0040126-g004){ref-type="fig"}). However, B6.CAST.11M mice receiving LT displayed a rapid slowing of RBC velocity followed by a leveling off phase ([Fig. 4A](#pone-0040126-g004){ref-type="fig"}). Since the measurements reflected averaged values of blood flow, blood flow stoppage in capillaries was often observed in the B6.CAST.11M mice given topical application of LT. The slope revealing the initial change in RBC velocity in capillaries from B6.CAST.11M mice receiving LT was steeper, i.e., more negative, than the C57BL/6J mice receiving LT (p = 0.008), but there was no difference in the second plateau phase between these groups ([Fig. 4A](#pone-0040126-g004){ref-type="fig"}). The area under the curve was also less in B6.CAST.11M mice given topical application of LT compared to C57BL/6J mice given LT (p = 0.006) ([Fig. 4C](#pone-0040126-g004){ref-type="fig"}). Of note, the plateau of velocities (phase 2) in capillaries from B6.CAST.11M mice receiving topical LT ([Fig. 4A](#pone-0040126-g004){ref-type="fig"}) likely accounts for the lack of a difference in slopes of RBC capillary velocities between B6.CAST.11M and C57BL/6J mice receiving systemic LT as the timing of data collection in the systemic studies was delayed following LT administration ([Fig. 3B](#pone-0040126-g003){ref-type="fig"}).

![Effects of topical LT or IL-18 on RBC velocities in mesentery capillaries.\
Dashed vertical lines represents initial application of topical agent (prior to agent is topical saline). Points represent the average velocity of RBCs within the three areas viewed at the indicated times (see [Methods](#s4){ref-type="sec"} and [Fig 2](#pone-0040126-g002){ref-type="fig"} for details). Due to the change in slopes over time, two regression lines were calculated. The first regression line uses the first four viewing intervals. The second line uses the fourth through seventh viewing intervals. Error bars represent standard error of the mean. **A**) The slope of regression line 1 (asterisk), but not regression line 2, for RBC velocities in capillaries was more negative in B6.CAST.11M mice given topical application of LT compared to C57BL/6J mice given LT (p = 0.008). B6.CAST.11M LT group n = 8, and B6.CAST.11M saline and C57BL/6J LT groups n = 5. **B**) B6.CAST.11M and C57BL/6J mice given topical application of IL-18. RBC velocities in capillaries remained relatively unchanged over time and there were no differences for RBC velocities between B6.CAST.11M and C57BL/6J mice given topical application of IL-18. Both animal groups, n = 5. **C**) The area under the curve (corresponding to panel A) was less in B6.CAST.11M mice given topical application of LT compared to C57BL/6J mice given topical application of LT (p = 0.006) (\# indicates arbitrary units). **D**) The area under the curve (corresponding to panel B) was comparable between C57BL/6J and B6.CAST.11M mice given topical application of IL-18.](pone.0040126.g004){#pone-0040126-g004}

Topical Application of IL-1β, but not IL-18, Induces a Rapid Slowing of Blood Flow in B6.CAST.11M Mice but not C57BL/6J Mice {#s2d}
----------------------------------------------------------------------------------------------------------------------------

Activation of the inflammasome complex results in the production of mature forms of IL-18 and IL-1β. Since LT induces inflammasome activation in B6.CAST.11M mice [@pone.0040126-Terra2], we investigated whether either of these cytokines could cause changes in RBC velocities. IL-18 did not induce an appreciable change in RBC velocities in capillaries in either B6.CAST.11M or C57BL/6J mice ([Fig. 4B,D](#pone-0040126-g004){ref-type="fig"}). However, topical application of IL-1β resulted in a steady decline in RBC velocities in capillaries over the entire course of the experiment in B6.CAST.11M mice, but not C57BL/6J mice ([Fig. 5A](#pone-0040126-g005){ref-type="fig"}). Since the measurements reflected averaged values of blood flow, blood flow stoppage in capillaries was often observed in the B6.CAST.11M mice given topical application of IL-1 β. The B6.CAST.11M mice had a more negative slope in the capillary phase 1 (p = 0.002) ([Fig. 5A](#pone-0040126-g005){ref-type="fig"}) and a smaller area under regression lines of the RBC velocities compared to C57BL/6J mice given IL-1β (p = 0.009) ([Fig. 5C](#pone-0040126-g005){ref-type="fig"}). Unlike the topical LT administration to B6.CAST.11M mice ([Fig. 4A](#pone-0040126-g004){ref-type="fig"}), no leveling off was evident following the initial response (phase 1) when IL-1β was applied, which could be a consequence of the continued application of IL-1β whereas IL-1β produced in response to LT-induced inflammasome activation would be expected to be released in a bolus associated with rapid macrophage pyroptosis.

![Role of IL-1β on RBC velocities in capillaries.\
Vertical dashed lines represent initial application of topical agent (prior to agent is topical saline). Points represent the average velocity of RBCs within the three areas viewed at the indicated times (see [Methods](#s4){ref-type="sec"} and [Fig 2](#pone-0040126-g002){ref-type="fig"} for details). Similar to [Fig. 4A,B](#pone-0040126-g004){ref-type="fig"}, two regression lines were calculated. The first regression line uses the first four viewing intervals. The second line uses the fourth through seventh viewing intervals. Error bars represent standard error of the mean. **A**) B6.CAST.11M mice given a topical application of IL-1β had a more negative slope of RBC velocities in capillaries for phase 1 (asterisk), but not phase 2, compared to C57BL/6J mice given IL-1β. Each animal group had n = 5; slope of regression line phase 1, p = 0.002. **B**) B6.CAST.11M mice given a topical application of rat anti-mouse IL-1β plus LT had a tendency for a less negative slope in phase 2 compared to B6.CAST.11M receiving rat IgG1 isotype control antibody plus LT, but did not reach significance (p = 0.075). Each animal groups, n = 5. **C**) B6.CAST.11M mice given a topical application of IL-1β had a smaller area under regression line compared to C57BL/6J mice given IL-1β (p = 0.009) (corresponding to panel A) (\# indicates arbitrary units). **D**) B6.CAST.11M mice given a topical application of rat anti-mouse IL-1β plus LT had a larger area under the regression line compared to B6.CAST.11M receiving rat IgG1 isotype control antibody plus LT (p = 0.047) (corresponding to panel B).](pone.0040126.g005){#pone-0040126-g005}

IL-1β Produced in Response to LT Contributes to the Reduction of Blood Flow in B6.CAST.11M Mice {#s2e}
-----------------------------------------------------------------------------------------------

Responsiveness to IL-1β demonstrated above indicates that this cytokine is sufficient to induce strain-specific vascular changes. However, many inflammatory mediators, in addition to IL-1β and IL-18, are released following Nlrp1b-dependent pyroptosis [@pone.0040126-Terra1], [@pone.0040126-Terra2]. To test whether IL-1β is necessary for LT induced RBC slowing, topical application of anti-IL-1β antibody was coadministered with LT to B6.CAST.11M mice. These data were compared to the topical application of an IgG~1~ isotype control antibody co-administered with LT to B6.CAST.11M mice. Although the slopes were not different ([Fig. 5B](#pone-0040126-g005){ref-type="fig"}), overall, the RBC velocities were slower in capillaries in B6.CAST.11M mice receiving IgG~1~ isotype control plus LT compared to B6.CAST.11M mice receiving anti-IL-1β plus LT (area under the regression lines for capillaries, p = 0.047) ([Fig. 5D](#pone-0040126-g005){ref-type="fig"}). This decrease in area under the regression lines was due to the former group having a greater reduction in phase 2 ([Fig. 5B](#pone-0040126-g005){ref-type="fig"}).

Discussion {#s3}
==========

Microvascular changes are a cardinal feature in response to bacterial infection. These events (e.g., increased capillary permeability and "stickiness" of the endothelium) can occur rapidly after the inoculation of bacteria, and depending on the type of bacteria, there is often a resolution back to a near normal state at ∼1 h followed by a second response that can be greater than the first [@pone.0040126-Burke1], [@pone.0040126-Wilhelm1]. The ERP in B6.CAST.11M mice typically begins 0.5--1 h after intraperitoneal LT administration [@pone.0040126-Terra2]. It too is followed by a resolution phase and a secondary response, albeit with delayed timing relative to the inoculation of bacteria [@pone.0040126-Terra2]. Many features of the ERP (e.g. bloat, dilated vessels on pinnae, difficulty breathing, hypothermia) were predicted to occur in response to changes at the vascular level. Studies utilizing Evan's blue revealed vessel leakage in the lung of B6.CAST.11M mice exposed to LT but not in control mice ([Fig. 1](#pone-0040126-g001){ref-type="fig"}). Vessel leakage or pleural effusion has been observed in other animal models following LT exposure indicating that other bacterial products are not required for this process [@pone.0040126-Beall1], [@pone.0040126-Moayeri1], [@pone.0040126-Cui1]--[@pone.0040126-StearnsKurosawa1]. However, no mouse model was described to have vascular permeability changes within the early time period as seen for B6.CAST.11M mice except for an intradermal LT model [@pone.0040126-Gozes1], which is more relevant to cutaneous anthrax. In this latter study [@pone.0040126-Gozes1], most responding mouse strains contain a sensitive *Nlrp1b* allele [@pone.0040126-Boyden1], which results in inflammasome activation leading to IL-1β production [@pone.0040126-Franchi1].

Vascular leakage can lead to coagulation, which in turn can affect blood flow [@pone.0040126-Bone1], [@pone.0040126-Norman1]--[@pone.0040126-Vandenbroucke1]. Additionally, vascular leakage leads to tissue edema, which can also reduce blood flow [@pone.0040126-Ganter1]. A reduction in capillary blood flow, e.g., due to coagulation, functions to limit the spread of bacteria [@pone.0040126-Melican1]. In order to address whether vessel leakage is associated with reduced blood flow during the host inflammatory response to LT, we employed intravital microscopy for real time examination of the vasculature in mice. Using this technique, we observed a pronounced slowing of the blood flow in capillaries of the small intestinal mesentery in B6.CAST.11M animals after exposure to systemic LT administration ([Fig. 3B,C](#pone-0040126-g003){ref-type="fig"}). Slowing of blood flow was also observed following topical application of LT ([Fig. 4A,C](#pone-0040126-g004){ref-type="fig"}) suggesting that direct action by LT on the vasculature and/or mediators produced at the local tissue level, e.g., by tissue myeloid cells, were sufficient to induce this change. The lower average values of blood flow following systemic or topical LT in B6.CAST.11M mice reflect that many capillaries had blood flow stoppage or coagulation.

Mediators that could be responsible for inducing vascular changes include proinflammatory cytokines. Indeed serum levels of 23 cytokines increased in association with the ERP in B6.CAST.11M animals [@pone.0040126-Terra2]. The ERP has been linked to a genetic locus within a critical region in chromosome 11 that accounts for a high level of responsivity to LT and resistance to *B.* *anthracis* [@pone.0040126-Terra2]. This region encodes numerous genes associated with immune function including the inflammasome component *Nlrp1b*. Allelic variation of *Nlrp1b* controls LT-sensitivity of macrophages by determining inflammasome activation and subsequent caspase-1 mediated processing of pro-IL-1β and pro-IL-18 [@pone.0040126-Boyden1], [@pone.0040126-Terra2]. When applied directly to the mesentery, IL-1β induced blood flow slowing in B6.CAST.11M mice ([Fig. 5A,C](#pone-0040126-g005){ref-type="fig"}) and contributed to the slowing of blood flow following LT exposure in B6.CAST.11M mice ([Fig. 5D](#pone-0040126-g005){ref-type="fig"}). C57BL/6J mice did not show altered blood flow in response to topical application of IL-1β ([Fig. 5A](#pone-0040126-g005){ref-type="fig"}), and they did not display an ERP in response to systemic IL-1β [@pone.0040126-Terra2], indicating that a genetic determinant(s) that is present in B6.CAST.11M mice is responsible for these responses. The finding that transgenic mice with a responsive 129S1 allele of *Nlrp1b* on a C57BL/6J background display a moderate ERP when challenged with LT [@pone.0040126-Terra1], [@pone.0040126-Terra2] indicates that a responsive *Nlrp1b* allele is sufficient to initiate this phenotype. However, in addition to *Nlrp1b*, twenty-five candidate genes have been identified that could contribute to the significantly more pronounced ERP observed in B6.CAST.11M mice [@pone.0040126-Terra2] and one or more of these could control the response to IL-1β. Unlike the response to IL-1β, application of IL-18, another inflammasome product, had no effect on the slowing of blood flow in capillaries ([Fig. 4B,D](#pone-0040126-g004){ref-type="fig"}).

There is precedence for closely spaced genetic determinants on chromosome 11 regulating a response to LT in mice; three separate quantitative trait loci within an ∼12 cM region of chromosome 11 were found to influence the survival of mice exposed to LT [@pone.0040126-McAllister1]. Other published findings also support a role for an additional genetic determinant(s), other than *Nlrp1b*, on chromosome 11 contributing to inflammatory responses [@pone.0040126-Terra2]. For example, ataxia and hypothermia are enhanced in B6.CAST.11M mice compared to C57BL/6J mice in response to MDP + LPS challenge [@pone.0040126-Terra2], yet the response to this challenge is not thought to be controlled by the *Nlrp1b* locus. Furthermore, F1 mice (offspring from B6.CAST.11M and C57BL/6J mice) displayed a diminutive ERP from that observed in B6.CAST.11M mice [@pone.0040126-Terra2], yet the responsive *Nlrp1b* allele is thought to act in a dominant manner [@pone.0040126-Roberts1]. However, the in vitro assay used to make this determination could have lacked sensitivity to detect an intermediate response. Finally, no differences in LT-induced IL-1β release or LT dose-dependent pyroptosis were observed in bone marrow derived macrophages from B6 *^Nlrp1b^* ^(129S1)^ or B6.CAST.11M mice [@pone.0040126-Terra2]. It is possible that a regulatory feedback loop acting through *Nlrp1b* could account for one or more of the findings. If this were the case, it would indicate that allelic variation in *Nlrp1b* could enable further inflammasome activation in response to IL-1β or downstream mediator. Alternatively, an additional genetic determinant(s) could account for the differential response to IL-1β observed between B6.CAST.11M and C57BL/6J mice ([Fig. 5A,C](#pone-0040126-g005){ref-type="fig"}).

Cytokine production in response to infection or inflammation triggers coagulation via the extrinsic pathway [@pone.0040126-Levi1], [@pone.0040126-Levi2], i.e., complexation of tissue factor (TF) to factor VII is an early step in the initiation of the blood coagulation cascade [@pone.0040126-Levi1]--[@pone.0040126-Rao1] leading to platelet activation [@pone.0040126-Ovanesov1], [@pone.0040126-Monroe1]. These events can result in sludging, or reduced blood flow, in the microvasculature. TF is produced by monocytes and macrophages and it is possible that cytokines, e.g., IL-1β and TNFα, also induce endothelial cell expression of TF, but whether this occurs in vivo is uncertain [@pone.0040126-Levi1]. LT does not induce tissue factor (TF) in cultured human umbilical vein endothelial cells and it suppresses LPS-induced TF in these cells [@pone.0040126-Rao2]. However, the effect of LT on TF expression on monocytes/macrophages, endothelial, and other cell types in B6.CAST.11M mice is unknown. During early stage anthrax or LT intoxication in B6.CAST.11M mice, the elevated level of IL-1β would be predicted to activate TF in various cell types [@pone.0040126-Levi1], [@pone.0040126-Puhlmann1] assuming LT did not block this action.

Complement component 1, q subcomponent binding protein (C1qbp) and platelet-activating factor acetylhydrolase, isoform 1b, subunit 1 (Pafah1b1) were identified as potential modifier genes accounting for the ERP and/or resistance to *B. anthracis* in B6.CAST.11M mice [@pone.0040126-Terra2], raising the possibility of their involvement in the slowing of blood flow. Neither these genes nor any of the other 25 candidate genes [@pone.0040126-Terra2] were among the vessel associated genes up or down regulated in the lungs of A/J (or C57BL/6) mice at 6 h post exposure of LT compared to mutant LT (PA plus a mutated LF) [@pone.0040126-Dumas1]. Since the vascular changes and ERP occur rapidly in B6.CAST.11M mice, it is likely that up or down regulation of gene expression following LT administration was not a critical determinant for the observed phenotype, rather preexisting allelic differences or expression levels may be more relevant.

Leukocyte accumulation was not observed in the mesentery in response to topical or systemic LT or topical IL-1β in either B6.CAST.11M or C57BL/6J mice during the time frame of the experiments (∼5 h systemic application; ∼1.5 h topical application) using intravital microscopy. In a recent study, no leukocyte infiltration was observed in the lung of A/J or C57BL/6J mice that were sacrificed at 6 and 12 h post LT administration [@pone.0040126-Dumas1]. In another study, neutrophils did not infiltrate tissues following LT administration [@pone.0040126-Moayeri1]. These results indicate that LT or downstream mediators are not sufficient for signaling leukocyte migration into tissue in mice in a rapid manner and that leukocyte accumulation is not responsible for reduced blood flow and vascular leakage in mice during this early period. Reduced vascular blood flow was also observed to be independent of leukocyte accumulation in a model of kidney infection [@pone.0040126-Melican1] and vascular leakage can occur before infiltration of leukocytes [@pone.0040126-Burke1], [@pone.0040126-Wilhelm1].

Vessel leakage and slowing of blood flow can now be added to the list of features that comprise the ERP, and LT, independent of other components from *B. anthracis*, is sufficient to induce these changes in B6.CAST.11M mice. How vessel leakage and slowing of blood flow might impact the disease process in response to a *B.* *anthracis* infection requires further investigation. Vessel leakage allows anti-microbial and blood components to access an infection site, while coagulation is thought to limit the spread of the infectious organism [@pone.0040126-Melican1], [@pone.0040126-Hack2], [@pone.0040126-Sun1]. In addition, an ischemic state would result in tissue areas that contained vessels with a substantial reduction of blood flow. Ischemia could activate hypoxia-inducible factor-1α (HIF-1α) and downstream stress responses. These in turn could serve to protect cells in the affected tissue area against more extensive damage from the developing infection [@pone.0040126-Zugel1]--[@pone.0040126-Spinella1] and the protection could also counter side effects resulting from the ensuing immune response. However, these responses could be tissue specific. For example, bacterial infection of proximal tubules resulted in rapid hypoxia followed by reductions in blood flow before leukocytes infiltrated the tissue [@pone.0040126-Melican1]. No HIF-1α was successfully detected in this model; rather tubule epithelial tissue sloughed off and limited bacterial dissemination [@pone.0040126-Melican1]. Thus, ischemia and coagulation helped to isolate the infection and protect the host from fatal urosepesis [@pone.0040126-Melican1].

Vessel leakage may be responsible for a number of the other features of the ERP. One characteristic of the ERP is labored abdominal breathing. A relationship between increased vascular permeability and increased breathing rates was noted after exposure to *B. anthracis* spores [@pone.0040126-StearnsKurosawa1] and signs of illness such as breathing difficulty, including shallow, rapid breaths with increasing severity correlated to the time of vascular leakage and pulmonary edema after LT administration [@pone.0040126-Beall1]. Thus, these studies support the notion that vessel leakage contributes to labored breathing, which is exhibited during the ERP. Bloat and dilated vessels on the pinnae may also be attributed to the vessel leakage.

Inflammasome activation and IL-1β production are important inflammatory responses in a number of pathogens or conditions such as Muckle-Wells syndrome, Ebola virus, Marburg virus, gout, pseudogout, Crohn's disease, asbestosis, silicosis, Systemic Inflammatory Response Syndrome (SIRS), etc. [@pone.0040126-Franchi1], [@pone.0040126-Takahashi1], [@pone.0040126-Bone1], [@pone.0040126-Martinon1], [@pone.0040126-Stroher1]. In fact, transgenic mice expressing a 129S1 responsive *Nlrp1b* allele on a C57BL/6J background (B6 *^Nlrp1b^* ^(129S1)^ mice) had increased resistance to *B. anthracis* infection [@pone.0040126-Terra1] and mild-to-moderate slowing of blood flow (not shown); however, if these mice were also made deficient for the IL-1 receptor, the resistance to *B.* *anthracis* was lost [@pone.0040126-Terra2]. A requirement for IL-1 receptor signaling for resistance to *B. anthracis* infection was also observed in other studies [@pone.0040126-Moayeri2], [@pone.0040126-Kalns1]. The strong response to IL-1β in B6.CAST.11M mice compared to an absence of a response in C57BL/6J mice ([Fig. 4A](#pone-0040126-g004){ref-type="fig"}) is in line with the greater resistance to infection in B6.CAST.11M mice compared to C57BL/6J mice [@pone.0040126-Terra2]. This result could be explained by a model where a genetic determinant other than *Nlrp1b* generates a modified downstream response to IL-1 receptor signaling in B6.CAST.11M mice.

The role of hypothermia in B6.CAST.11M mice is unknown. In other models, e.g., MDP + LPS challenge, body temperature of the animal steadily decreases after IL-1β becomes activated [@pone.0040126-Shikama1]. However, this is response is mediated, at least in part, through TNFα [@pone.0040126-Shikama1]. Of note, B6.CAST.11M mice exposed to LT display a rapid increase in TNFα which is not seen in C57BL/6J mice exposed to LT [@pone.0040126-Terra2]. Also, hypothermia has been observed in mice that have been primed with gram-positive *Propionibacterium acnes* and challenged with LPS or TNFα, and this response is linked to signs of hypercoagulation and SIRS [@pone.0040126-Kawa1]. In mice that experience SIRS, an early drop in body temperature is followed by a return to normal temperatures by 6--8 h [@pone.0040126-Takahashi1] which is also similar to the profile of the ERP in B6.CAST.11M mice [@pone.0040126-Terra2]. Hypothermia seems to act as a protective mechanism in delaying the mean time of death in animals exposed to anthrax toxin [@pone.0040126-Klein3]. However, the role of hypothermia relative to resistance to infection remains to be determined.

Diseases that involve inflammasome activation and IL-1β production can result in vascular changes, e.g., SIRS patients experience increased microvascular permeability, platelet sludging, maldistribution of blood flow, and activation of the coagulation system, among other symptoms [@pone.0040126-Takahashi1], [@pone.0040126-Bone1]. Since IL-1β promotes vascular leakage [@pone.0040126-Puhlmann1] and slowing of blood flow ([Fig. 5A,C](#pone-0040126-g005){ref-type="fig"}), it would be tempting to speculate that IL-1β performs a similar role in these other diseases. However, these rapid effects were observed in B6.CAST.11M mice, but not in C57BL/6J mice, therefore caution must be applied when interpreting the role of IL-1β in inbred mouse models of infection and inflammasome mediated diseases. With that said, allelic variation provides insight into host response to infection and inflammation, and allelic variation does alter inflammatory responses in humans [@pone.0040126-Jin1]--[@pone.0040126-Sutherland1].

In summary, blood flow slowing and vessel leakage, but not leukocyte accumulation, are components of the ERP, which is present in B6.CAST.11M mice but not C57BL/6J mice following LT exposure. Vessel leakage is thought to contribute to slowing of blood flow through activation of the coagulation cascade and/or tissue edema. The inflammasome product IL-1β, but not IL-18, mediates slowing of blood flow. Further investigations are required to identify the roles of vessel leakage and reduced blood flow during the early stages of disease, but presumably they could limit the spread of infection and thus help confer resistance to disease.

Materials and Methods {#s4}
=====================

Reagents and Mice {#s4a}
-----------------

LT was comprised of PA and LF whose preparations were previously described [@pone.0040126-Terra2]. Additional reagents used for intravital microscopy studies included recombinant mouse IL-1β/IL-1F2, rat anti-mouse IL-1β/IL-1F2 (IgG~1~ Antibody), rat IgG~1~ isotype control and recombinant mouse IL-18/IL-1F4 (R&D Systems, Inc., Minneapolis, MN). Evan's blue was purchased from Sigma-Aldrich (St. Louis, MO).

All procedures involving the use of animals were approved by the Institutional Animal Care and Use Committee at the University of Kansas Medical Center. B6.CAST.11M mice were kindly provided by Drs. Aldons J. Lusis and Richard C. Davis (University of California at Los Angeles) and the generation of these mice has been described previously [@pone.0040126-Iakoubova1], [@pone.0040126-Davis1]. B6.CAST.11M mice contain a CAST/Ei region in chromosome 11 (∼31.5 Mb to the terminus) on an otherwise C57BL/6J genetic background [@pone.0040126-Davis1]. The study by Terra et al. [@pone.0040126-Terra2] found that this strain develops an ERP in response to LT. C57BL/6J mice were purchased from Jackson Laboratory (Bar Harbor, ME).

Evan's Blue Administration {#s4b}
--------------------------

Previous studies established that i.p. administration of LT results in pathology in systemic organs [@pone.0040126-Moayeri1], [@pone.0040126-Culley1] and an i.p. injection of LT resulted in a similar profile of the ERP in sensitive mice compared to i.v. LT administration with the exception of the presentation of the ERP in former being slightly delayed [@pone.0040126-Terra2]. Thus, i.p. injections were used to administer LT or saline, which was the vehicle control, to B6.CAST.11M or C57BL/6J mice [@pone.0040126-Terra2]. A 200 µl i.p. injection of 0.22 µm filtered 10 mg/ml Evan's blue in saline was administered 30 min post LT injection. Mice were sacrificed at 1 h post LT injection, and organs fixed in 10% formalin overnight. The following day, tissues were embedded in OCT (Histoprep) and frozen at -80°C. Lung tissue sections, 10 µm thick, were prepared in the coronal plane. Analyses were performed on 2 sections per animal that were separated by 50 µm.

Stereological Analysis of Lung Sections {#s4c}
---------------------------------------

Each section of left lung was captured using a 2x objective under bright field illumination. An 11 × 9 grid was overlaid onto each image (ImageJ, <http://rsbweb.nih.gov/ij/index.html>). Four squares of each grid were selected randomly and the fluorescent image from each of these selected locations was captured using a 40x objective and UV2A (380--420 nm) cube (Nikon, NY, Melville).

*Evan's Blue Data Analysis* {#s4d}
---------------------------

Image analysis of each lung location was performed in a blinded manner using ImageJ. Split color channels were used to detect total tissue area or Evan's blue fluorescent staining (red). The signal threshold was adjusted so that only the tissue area or fluorescent red staining area was revealed. Red fluorescent staining extending beyond the capillary boundaries was quantified while staining that traced only the capillaries was ignored. The average percent stained area of the four locations/section and 2 sections/animal was calculated for each subject.

Intravital Microscopy Technique {#s4e}
-------------------------------

For studies involving the systemic application of LT, B6.CAST.11M and C57BL/6J were given an i.p. injection of LT (15 µg PA and 7.5 µg LF per g body weight or titrated equivalent [@pone.0040126-Terra2]) or saline, evaluated for clinical signs [@pone.0040126-Terra1], [@pone.0040126-Terra2] during the subsequent ∼1 h, anesthetized with urethane via i.m. injection(s) and prepared for intravital microscopy as previously described [@pone.0040126-Wood1], [@pone.0040126-Steiner1]. In brief, the abdomen was opened along the midline using a radiocautery (Harvard Apparatus, Holliston, MA), and the animal was positioned on a plexiglass sheet with the small intestine carefully exteriorized over a glass coverslip. A Zeiss Axiovert inverted microscope was used to view the mesenteric microvasculature and a 40x objective was used for collection of images that were recorded on a Panasonic video cassette recorder with a time-date generator (Panasonic, Osaka, Japan). The mesentery was superfused throughout the experiment with warmed saline to keep the tissue moist, and a homeothermic blanket system was applied to the mouse (Harvard Apparatus, Holliston, MA). An optical Doppler velocimeter (Microcirculation Research Institute, College Station, TX) was used to measure centerline blood flow velocity within venules.

For studies involving the topical application of a test reagent(s), B6.CAST.11M and C57BL/6J mice were anesthetized with urethane, surgery was performed, and the small intestine was arranged and viewed as described above. Initially the mesentery was superfused with warmed saline. This was followed with the superfusion of a solution containing saline, LT (PA = 0.1875 µg/µl, LF = 0.09375 µg/µl), LT control (PA = 0.375 µg/µl in saline, or LF = 0.1875 µg/µl in saline), LT plus rat anti-mouse IL-1β (10 ng/µl), LT plus IgG~1~ (10 ng/µl), recombinant mouse IL-1β (0.0375 ng/µl), or recombinant mouse IL-18 (0.375 ng/µl). The concentration selected for IL-1β for intravital experiments was based off extrapolation of IL-1β dosages used in published work in whole mice [@pone.0040126-Terra2], [@pone.0040126-McLoughlin1], [@pone.0040126-Xin1]. The selection of a 10 fold increase in concentration for IL-18 was based on another study that utilized a 10 fold greater concentration of IL-18 compared to IL-1β [@pone.0040126-Bjrkbacka1] and the fact that IL-18 in the serum reaches an ∼10 fold higher concentration compared to IL-1β following MDP + LPS challenge [@pone.0040126-Sutterwala1]. Notably, MDP+LPS was also found to induce a differential response between C57BL/6J and B6.CAST.Ei mice [@pone.0040126-Terra2]. Approximately 15 applications of 150 µl/application were superfused on the mesentery in each experiment. Blood flow velocities within venules were obtained as described above.

Intravital Microscopy Data Collection {#s4f}
-------------------------------------

Capillaries were defined as having a diameter of approximately one red blood cell width. For systemic studies, capillary data was collected from four separate loops within the mesentery, each loop determined by the presence of an independent blood source ([Fig. 2](#pone-0040126-g002){ref-type="fig"}). Within each loop, three areas (each adjacent to a selected venule, velocity of ≤7 mm/sec) were viewed for 2 min each ([Fig. 2](#pone-0040126-g002){ref-type="fig"}). The viewing of the three areas over a 6 min period was a viewing interval. The four loops were viewed in sequence and this sequence was repeated three times. Thus, there were a total of 12 viewing intervals (4 intestinal loops × 3 repetitions/loop) resulting in 36 areas viewed (3 areas/loop × 12 viewing intervals) per experiment.

For topical studies, capillary data was collected from one loop within the mesentery. Within the loop, three areas (each adjacent to a selected venule, velocity of ≤7 mm/sec) were viewed per viewing interval as previously described. The loop was viewed a total of seven times, resulting in a total of 21 areas viewed (3 areas × 7 repetitions) per experiment.

Intravital Microscopy Capillary Data Analysis {#s4g}
---------------------------------------------

Video clips were viewed in Adobe Premiere (Adobe, San Jose, CA). During the review of video clips, the area of maximum pathology (e.g. greatest slowing, stopping and/or coagulation of RBCs) was evaluated. The overall flow rate was determined by measuring the velocity of all capillary structures visible within the frame of maximum pathology and averaging the values of all structures in that area. The RBC velocity within capillaries was calculated in µm/sec and the maximum calculable velocity was 150 µm/sec. Small venules were infrequent and most of the time not observed. When present, they represented \<10% of all vessels, and did not contribute significantly to the results.

Statistical Analyses {#s4h}
--------------------

The two-tailed Student's *t* test was used for data analysis. Data are expressed as mean plus the standard error of the mean (SEM). Statistical significance was set at p≤0.05.
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